GENERAL INTRODUCTION
Determining the composition of thin layers is increasingly important for a variety of industrial materials such as adhesives, coatings and microelectronics. Secondary ion mass spectrometry (SIMS), [1] [2] [3] Auger electron spectroscopy (AES), [1] [2] [3] [4] X-ray photoelectron spectroscopy (XPS), [1] [2] [3] [4] glow discharge optical emission spectroscopy (GDOES), 1, 3, 5, 6 glow discharge mass spectrometry (GDMS), 1, 3, 5, 7 and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 7, 8 are some of the techniques that are currently employed for the direct analysis of the sample surface. Although these techniques do not suffer from the contamination problems that often plague sample dissolution studies, they do require matrix matched standards for quantification. Often, these standards are not readily available.
Despite the costs of clean hoods, Teflon pipette tips and bottles, and pure acids, partial sample dissolution is the primary method used in the semiconductor industry to quantify surface impurities. Specifically, vapor phase decomposition (VPD) coupled to ICP-MS [9] [10] [11] [12] or total reflection x-ray fluorescence (TXRF) [13] [14] [15] provides elemental information from the top most surface layers at detection sensitivities in the 10 7 -10 10 atoms/cm 2 range. 12, 15 The ability to quantify with standard solutions is a main advantage of these techniques.
Li and Houk 16 applied a VPD-like technique to steel. The signal ratio of trace element to matrix element was used for quantification. Although controlled dissolution concentrations determined for some of the dissolved elements agreed with the certified values, concentrations determined for refractory elements (Ti, Nb and Ta) were too low.
LA-ICP-MS and scanning electron microscopy (SEM) measurements indicated that carbide grains distributed throughout the matrix were high in these refractory elements.
These elements dissolved at a slower rate than the matrix element, Fe. If the analyte element is not removed at a rate similar to the matrix element a true representation of the sample layer cannot be realized. Specifically, the ratio of analyte signal to matrix element signal does not equal the actual ratio in the bulk sample.
The objective of this work was to investigate the controlled dissolution of other materials, simpler than steel. Matrices of copper, high copper alloy and NIST C1100 brass were investigated but the matrix that showed the best agreement between measured
and certified values was NIST 612 glass. Further studies were conducted to limit the amount of surface layers removed for the NIST 612 matrix.
INTRODUCTION
In the semiconductor and material science industries, contamination-free surface layers are critical in the production of high performance products. The need to verify surface cleanliness has led to advances in both surface and chemical analysis techniques.
Surface techniques such as Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) have been improved upon for decades. To date, these techniques can provide depth resolution in the range of 5-10 Å. 1 Additionally, AES in imaging mode can offer lateral resolution (10 nm) for spatial analysis.
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Other surface analysis techniques that are common in laboratories that examine solid surfaces include: laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), glow discharge mass spectrometry (GDMS) glow discharge optical emission spectroscopy (GDOES) and static secondary ion mass spectrometry (sSIMS). Three of these techniques take advantage of the superior detection sensitivity and selectivity of mass spectrometry. Static SIMS can provide elemental information from a single monolayer of material. 1 The glow discharge techniques have demonstrated the potential for elemental analysis of layers less than 10 nm thick. 3, 4 At present, the LA-ICP-MS depth resolution is ~0.1 µm per pulse. 3 Removal of very thin layers of surface material by LA-ICP-MS is currently being investigated by Günther et al. 5 SIMS and LA-ICP-MS can provide lateral resolution (~µm). 4, 5 The glow discharge techniques cannot.
One disadvantage common among all these techniques is that quantification requires matrix matched standards. High energy ion scattering spectroscopy (high energy ISS), also known as Rutherford backscattering spectroscopy (RBS), can provide quantitative analysis without the need for matrix matched solid standards. It provides depth resolution on the order of a monolayer as well as lateral resolution. 6 For surface analysis techniques that require a sample dissolution step such as solution ICP-MS, a procedure known as vapor phase decomposition (VPD) is employed.
The vapor phase decomposition technique is popular in the semiconductor industry to extract trace metals present on silicon wafer surfaces. Briefly, the wafer is sealed in a chilled chamber and exposed to HF vapor. The surface oxide layer (10-30 Å) and any impurities that might be present react with the HF. Exposure time can vary from 20 minutes to 12 hours. After the oxide layer is etched, the hydrophobic silicon surface is scanned by an aqueous acid droplet (~100-500 µL) to collect the surface contaminants. 7 An evaporation step will often follow to remove most of the silicon and fluoride as It is believed that trace metals homogeneously distributed throughout the matrix would have uniform removal rates. At the start of this study, various simpler matrices than steel were investigated. 15 NIST 612 glass was found to work best. Efforts were made to limit the amount of surface dissolved while still removing enough material to determine the trace metals. Recovery Study. The dissolution procedure was performed on pure quartz glass to evaluate the reproducibility of handling sub-ppb solutions cleanly. The diamond cut hole (5 mm diameter, ~0.5 mm depth) was cleaned with 10 µL of etch solution. A blank was then prepared using the dissolution procedure described previously for 10 and 5
EXPERIMENTAL
seconds with an etch acid of 0.5% HF in 1.0% HNO 3 . The hole was then spiked with 5 µL of 100 ppb multielement solution and allowed to dry in the clean hood. The residue was re-dissolved in 0.5% HF in 1% HNO 3 , as if the metals came from the quartz. These samples were diluted so that the recovered trace metals would be at a concentration of ~0.25 ppb.
ICP-MS Measurements. A magnetic sector instrument (Finnigan, Element 1)
was used in medium resolution (m/∆m = 4000) for all experiments. A PFA pneumatic nebulizer (PFA-100, Elemental Scientific, Inc., sample uptake 100 µL/min) and a Teflon, Scott-type, double-pass spray chamber (ESI) were used for sample introduction.
Platinum tipped sampler and skimmer cones were used due to the inert properties of platinum in the presence of HF. ICP operating conditions were adjusted to maximize signals for 7 Li, Since the same sample preparation environment and the same cleaning techniques for the acids, bottles and pipette tips were used in both the NIST 612 and the quartz dissolutions, contamination from these sources is not considered a big problem. This further weakens the argument that the high result for zinc is attributed to contamination. It is also evident from the quartz recoveries that these small amounts can be handled reproducibly. 
CONCLUSION
The use of this controlled dissolution method to determine trace metal concentrations from thin solid layers is reliable for removal depths of 300 Å or more.
Zinc is shown to be a problem element for all dissolutions. For removal depths of 150 Å, Ti was below the detection limit for all attempts. Removal of 70 Å or less can be done but sensitivity for about half of the trace elements observed will be compromised. For the elements that could be quantified, their removal rates were comparable to the matrix element except for Zn and Cu. It appears that the limit of this technique has been reached. scanned by an aqueous acid droplet (~100 µL) to collect the condensate. 3 The analytical environment must be carefully controlled to prevent contamination.
Sample heterogeneity presents a problem for the quantification of thin solid layers. This is evident in the work done by Li and Houk 10 in which concentrations determined from the controlled dissolution of steel were lower than the certified values for several elements (Ta, Nb and Ti). Laser ablation-inductively couple plasma-mass spectrometry (LA-ICP-MS) and scanning electron microscopy (SEM) measurements indicated that these elements were localized in small refractory grains throughout the matrix.
As a result of the study by Li and Houk 10 , it was believed a simpler matrix would provide more uniform removal rates for trace metal quantification. In this study efforts were made to investigate the removal rates of trace elements from copper, high copper alloy and brass. 
ICP-MS Measurements. A magnetic sector instrument (Finnigan Element 1)
was used in medium resolution (m/∆m = 4000) for all experiments. A PFA pneumatic nebulizer (PFA-100, Elemental Scientific, Inc., sample uptake100 µL/min) and a Teflon, Scott-type, double-pass spray chamber (ESI) were used for sample introduction.
Platinum tipped sampler and skimmer cones were used. ICP operating conditions were optimized to maximum signal for 7 Li, 115 In and 238 U at a forward power of 1200 W. The minor isotopes of the major elements were monitored so that the detector could remain in counting mode for all experiments. The mass spectrometer was operated under 
GENERAL CONCLUSION
The focus of this work was to use a controlled dissolution procedure to determine the elemental composition of surface layers. The concentration of trace elements whose removal rates are comparable to the major element removal rate can be determined accurately. Conversely, removal rates which are not consistent with the major element removal rate result in a misrepresentation of the trace metal concentration in the sample.
For the copper, high copper alloy and NIST C1100 brass matrices, the partial dissolutions gave an overrepresentation for most of the trace metals present in the sample. No optimization was done on theses matrices because too few elements shared the same removal rate as the matrix element. NIST 612 glass provided a sample matrix in which trace metal concentrations, with the exception of zinc, could be determined from the partial dissolution alone at removal depths of 300 Å or more. With lower acid concentration and etch time, the amount of sample removed was reduced to 70 Å, however, half the elements had net intensities lower than 3 σ of the blank.
Future work would include an attempt to remove fewer than 70 Å with a lower acid concentration. The sample would need to be diluted less extensively. However, this may lead to matrix effect issues. Also, a look at the removal of trace metals from other oxide matrices may be of some interest.
